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Excess nitrogen inputs to estuaries have been linked to deteriorating water quality and habitat conditions
which in turn have direct and indirect impacts on aquatic organisms. This paper describes the application
of a previously verified watershed loading model to estimate total nitrogen loading rates and relative
source contributions to 74 small-medium sized embayment-type estuaries in southern New England.
The study estuaries exhibited a gradient in nitrogen inputs of a factor of over 7000. On an areal basis, the
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Keywards: range represented a gradient of approximately a factor of 140. Therefore, all other factors being equal, the
estuaries . . . . . .

nitrogen study design is sufficient to evaluate ecological effects conceptually tied to excess nitrogen along
watersheds a nitrogen gradient. In addition to providing total loading inputs rates to the study estuaries, the model

provides an estimate of the relative contribution of the nitrogen sources from each watershed to each
associated estuary. Cumulative results of this analysis reveal the following source ranking (means): direct
atmospheric deposition (37%), =wastewater (36%), >indirect atmospheric deposition (16%) > fertilizer
(12%). However, for any particular estuary the relative magnitudes of these source types vary dramati-
cally. Together with scientific evidence on symptoms of eutrophication, the results of this paper can be
used to develop empirical pressure-state models to determine critical nitrogen loading limits for the

eutrophication
new england

protection of estuarine water quality.

Published by Elsevier Ltd.

1. Introduction

Nitrogen is an important macronutrient on which the global food
supply is dependent. It is also essential to the health and ecological
integrity of estuaries. In excessive amounts, however, nitrogen can
cause cultural eutrophication, a man-made increase in the rate of
supply of organic matter to marine aquatic ecosystems (Nixon, 1995).
Formation of reactive nitrogen, that portion that can be used by
biological systems, continues to increase every year (Galloway et al.,
2008). Excess amounts in estuaries can lead to low dissolved oxygen,
fish Kkills, overabundance of nuisance and harmful algae and
macrophytes, loss of vascular plants (i.e.,, seagrasses), increased
sedimentation, and detrimental shifts of both floral and faunal
species and other food web modifications (Cloern, 2001).

The need to estimate nitrogen loading to estuaries is therefore
acute. More and more municipalities are turning to loading
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reductions as a means to reduce the adverse effects of cultural
eutrophication in the coastal marine environment (CBP, 2000;
NYSDEC and CTDEP, 2000; Greening and Janicki, 2006). In cases
where there is a need to estimate nonpoint source nitrogen loading
over broad regions and many estuaries, site-specific loading
methods may not be appropriate due to excessive cost and effort. In
instances where the loading is not dominated by monitored
riverine and point source inputs, the development of loading esti-
mates may require years of sampling and analysis. In contrast, for
these types of estuaries, simple watershed models that allow esti-
mates for many estuaries with more limited data may be the more
appropriate approach.

A survey of the literature reveals that there are a number of
approaches that have been used to estimate nitrogen loading from
watersheds. Most of these approaches suffer from one deficiency or
another with respect to the purpose of this study: to obtain simple,
first-order estimates of nitrogen loading rates for a large number of
small estuaries. For example, the US Geological Survey (USGS)
Spatially Referenced Regressions on Watershed Attributes Model
(SPARROW) is aimed at estimating nutrient fluxes to stream rea-
ches and can apply only to estuaries that have surface water inputs



		Table S1.  Watershed-estuary names and geographic information.



		Estuary

		State

		ID

		Larger System

		Level III Marine Ecoregiona

		Level IV Terrestrial Ecoregiona

		Estuary Centroid Longitude

		Estuary Centroid Latitude

		Watershed Centroid Longitude

		Watershed Centroid Latitude



		Black Rock Harbor

		CT

		BRC

		Long Island Sound

		8.1.1

		59c

		-73.2174911

		41.1510201

		-73.2099457

		41.1654015



		Branford Harbor

		CT

		BHC

		Long Island Sound

		8.1.1

		59a

		-72.8189621

		41.2624054

		-72.7759171

		41.3229713



		Greenwich Cove

		CT

		GCC

		Long Island Sound

		8.1.1

		59c

		-73.5765610

		41.0141144

		-73.5723190

		41.0363846



		Hammonasset River

		CT

		HRC

		Long Island Sound

		8.1.1

		59c

		-72.5316925

		41.2631836

		-72.5879288

		41.3596649



		Jordan Cove

		CT

		JCC

		Long Island Sound

		8.1.1

		59c

		-72.1535568

		41.3113823

		-72.1508560

		41.3522339



		Mumford Cove

		CT

		MCC

		Long Island Sound

		8.1.1

		59c

		-72.0194397

		41.3170547

		-72.0176086

		41.3405266



		Mystic Harbor

		CT

		MHC

		Long Island Sound

		8.1.1

		59c

		-71.9768982

		41.3331871

		-71.9716415

		41.4065094



		Niantic Bay

		CT

		NBC

		Long Island Sound

		8.1.1

		59c

		-72.1865540

		41.3174629

		-72.2051544

		41.3941269



		Palmer Cove

		CT

		PCC

		Long Island Sound

		8.1.1

		59c

		-71.9992371

		41.3177338

		-71.9979782

		41.3453217



		Pattagansett River

		CT

		PAC

		Long Island Sound

		8.1.1

		59c

		-72.2199936

		41.3018303

		-72.2244797

		41.3514481



		Pawcatuck River Estuary

		CT

		PRC

		Little Narragansett Bay

		8.1.1

		59c

		-71.8336105

		41.3371544

		-71.7088013

		41.4964180



		Stonington Harbor

		CT

		SHC

		Long Island Sound

		8.1.1

		59c

		-71.9134827

		41.3365936

		-71.9103088

		41.3641701



		Acushnet River

		MA

		ACM

		Buzzards Bay

		8.1.1

		59e

		-70.9142761

		41.6425133

		-70.9152603

		41.7041016



		Aucoot Cove

		MA

		AOM

		Buzzards Bay

		8.1.1

		59e

		-70.7561188

		41.6744804

		-70.7816772

		41.6876869



		Buttermilk Bay

		MA

		BTM

		Buzzards Bay

		8.1.1

		84a

		-70.6186676

		41.7587013

		-70.6076202

		41.7915077



		Clarks Cove

		MA

		CCM

		Buzzards Bay

		8.1.1

		59e

		-70.9221878

		41.6027184

		-70.9307785

		41.6134987



		Cuttyhunk Pond

		MA

		CPM

		Buzzards Bay-Outer

		8.1.1

		84a

		-70.9264297

		41.4256020

		-70.9280930

		41.4244232



		Falmouth Inner Harbor

		MA

		FHM

		Nantucket Sound

		8.1.4

		84a

		-70.6033096

		41.5469437

		-70.6011429

		41.5538826



		Great Harbor

		MA

		GHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6776886

		41.5245857

		-70.6749115

		41.5254097



		Hadley Inner Harbor

		MA

		HHM

		Buzzards Bay-Outer

		8.1.4

		84a

		-70.7065430

		41.5099831

		-70.7081604

		41.5092735



		Hamblin Pond

		MA

		HPM

		Waquoit Bay

		8.1.4

		84a

		-70.5078888

		41.5724144

		-70.4954681

		41.6008186



		Jehu Pond

		MA

		JPM

		Waquoit Bay

		8.1.4

		84a

		-70.5029297

		41.5692520

		-70.4923096

		41.5714340



		Katama Bay

		MA

		KBM

		Atlantic Ocean

		8.1.4

		84a

		-70.4920044

		41.3612747

		-70.4959259

		41.3656693



		Lagoon Pond

		MA

		LPM

		Nantucket Sound

		8.1.4

		84a

		-70.5920639

		41.4467201

		-70.6002731

		41.4371300



		Lake Tashmoo

		MA

		LMM

		Vineyard Sound

		8.1.4

		84a

		-70.6268387

		41.4606400

		-70.6271439

		41.4496117



		Lewis Bay

		MA

		LBM

		Nantucket Sound

		8.1.4

		84a

		-70.2603836

		41.6377640

		-70.2608414

		41.6572037



		Little Bay

		MA

		LTM

		Buzzards Bay

		8.1.1

		59e

		-70.8608475

		41.6297150

		-70.8710938

		41.6485023



		Little Harbor

		MA

		LHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6661606

		41.5200920

		-70.6656876

		41.5209923



		Madaket Harbor

		MA

		MDM

		Nantucket Sound

		8.1.4

		84a

		-70.2023621

		41.2818604

		-70.1824493

		41.2819748



		Manchester Bay

		MA

		MBM

		Massachusetts Bay

		7.2.5

		59d

		-70.7783203

		42.5657196

		-70.7648773

		42.5878792



		Marblehead Harbor

		MA

		MRM

		Massachusetts Bay

		7.2.5

		59d

		-70.8448334

		42.5002022

		-70.8482590

		42.5005951



		Mattapoisett Harbor

		MA

		MHM

		Buzzards Bay

		8.1.1

		59e

		-70.8112030

		41.6508408

		-70.8533325

		41.7171135



		Megansett Harbor

		MA

		MGM

		Buzzards Bay

		8.1.1

		84a

		-70.6304626

		41.6565170

		-70.6016769

		41.6687737



		Menemsha Pond

		MA

		MPM

		Vineyard Sound

		8.1.4

		84a

		-70.7724915

		41.3371658

		-70.7688446

		41.3379173



		Nantucket Harbor

		MA

		NHM

		Nantucket Sound

		8.1.4

		84a

		-70.0420914

		41.3122978

		-70.0403900

		41.3026581



		Onset Bay

		MA

		OBM

		Buzzards Bay

		8.1.1

		84a

		-70.6547241

		41.7389717

		-70.6613235

		41.7511940



		Phinneys Harbor

		MA

		PHM

		Buzzards Bay

		8.1.1

		84a

		-70.6241684

		41.7197609

		-70.6074829

		41.7260017



		Pocasset/Red Brook Hrbr

		MA

		POM

		Buzzards Bay

		8.1.1

		84a

		-70.6363831

		41.6771965

		-70.6289291

		41.6795616



		Quissett Harbor

		MA

		QHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6586304

		41.5404663

		-70.6557465

		41.5384254



		Sage Lot Pond

		MA

		SLM

		Waquoit Bay

		8.1.4

		84a

		-70.5091476

		41.5527916

		-70.4980621

		41.5581017



		Salem Harbor

		MA

		SAM

		Salem Sound

		7.2.5

		59d

		-70.8763733

		42.5144386

		-70.8935013

		42.5048447



		Sippican Harbor

		MA

		SHM

		Buzzards Bay

		8.1.1

		59e

		-70.7434769

		41.6909142

		-70.7946014

		41.7490234



		Stage Harbor

		MA

		STM

		Atlantic Ocean

		8.1.4

		84a

		-69.9751053

		41.6633301

		-69.9752655

		41.6765289



		Tarpaulin Cove

		MA

		TCM

		Vineyard Sound

		8.1.1

		84a

		-70.7551117

		41.4747429

		-70.7579727

		41.4771271



		Timms Pond

		MA

		TPM

		Waquoit Bay

		8.1.4

		84a

		-70.5405197

		41.5531082

		-70.5384674

		41.5539551



		Vineyard Haven-Inner

		MA

		VHM

		Vineyard Sound

		8.1.4

		84a

		-70.5985031

		41.4557915

		-70.6042252

		41.4553642



		West Falmouth Harbor

		MA

		WFM

		Buzzards Bay

		8.1.1

		84a

		-70.6437912

		41.6041527

		-70.6288605

		41.6044540



		Westport River-East

		MA

		WEM

		Westport River-West 

		8.1.1

		59e

		-71.0586853

		41.5416679

		-71.0504608

		41.6417274



		Westport River-West

		MA

		WWM

		Buzzards Bay Inner

		8.1.1

		59e

		-71.1028519

		41.5343399

		-71.1234818

		41.5718689



		Weweantic River

		MA

		WRM

		Buzzards Bay

		8.1.1

		84a

		-70.7434692

		41.7347527

		-70.7744751

		41.8258095



		Wild Harbor

		MA

		WHM

		Buzzards Bay Outer

		8.1.1

		84a

		-70.6452179

		41.6370354

		-70.6364288

		41.6358910



		Wings Cove

		MA

		WCM

		Buzzards Bay Inner

		8.1.1

		59e

		-70.7206650

		41.6994705

		-70.7311783

		41.7071114



		Allen Harbor

		RI

		AHR

		Narragansett Bay

		8.1.1

		59e

		-71.4141617

		41.6223717

		-71.4235535

		41.6295700



		Apponaug Cove

		RI

		ACR

		Narragansett Bay

		8.1.1

		59e

		-71.4480972

		41.6932716

		-71.4825668

		41.6962166



		Bonnet Shores

		RI

		BSR

		Narragansett Bay

		8.1.1

		59e

		-71.4266129

		41.4677353

		-71.4295044

		41.4800301



		Bristol Harbor

		RI

		BHR

		Narragansett Bay

		8.1.1

		59e

		-71.2835388

		41.6696434

		-71.2763748

		41.6813698



		Coggeshall Point Harbor

		RI

		CSR

		Narragansett Bay

		8.1.1

		59e

		-71.2842712

		41.5906601

		-71.2817841

		41.5897903



		Easton Bay

		RI

		EBR

		Narragansett Bay

		8.1.1

		59e

		-71.2881622

		41.4816017

		-71.2884979

		41.5093002



		Frt Wetherill Cve-West

		RI

		FWR

		Narragansett Bay

		8.1.1

		59e

		-71.3601379

		41.4779243

		-71.3599396

		41.4781113



		Frt Wetherill Cve-Unnamed

		RI

		FUR

		Narragansett Bay

		8.1.1

		59e

		-71.3626022

		41.4779320

		-71.3636780

		41.4798317



		Goose Neck Cove

		RI

		GNR

		RI Sound

		8.1.1

		59e

		-71.3388977

		41.4554062

		-71.3317261

		41.4611168



		Great Salt Pond

		RI

		GPR

		Block Island Sound

		8.1.1

		84a

		-71.5782547

		41.1901817

		-71.5764923

		41.1815033



		Greenwich Bay

		RI

		GBR

		Narragansett Bay

		8.1.1

		59e

		-71.4208145

		41.6769257

		-71.4514542

		41.6835251



		Greenwich Cove

		RI

		GCR

		Narragansett Bay

		8.1.1

		59e

		-71.4464569

		41.6566849

		-71.4762955

		41.6671410



		Kickamuit River

		RI

		KRR

		Narragansett Bay

		8.1.1

		59e

		-71.2505112

		41.7120094

		-71.2488403

		41.7396011



		Mackerel Cove

		RI

		MCR

		Narragansett Bay

		8.1.1

		59e

		-71.3815384

		41.4812813

		-71.3811646

		41.4818115



		Navy Beach

		RI

		NVR

		Sakonnet River

		8.1.1

		59e

		-71.2436447

		41.4899178

		-71.245636

		41.4912453



		Newport Harbor

		RI

		NHR

		Narragansett Bay

		8.1.1

		59e

		-71.3261871

		41.4800262

		-71.3212585

		41.4791641



		Ninigret Pond

		RI

		NPR

		RI Sound

		8.1.1

		59e

		-71.6532669

		41.3614197

		-71.6438980

		41.3784103



		Old Harbor

		RI

		OHR

		Block Island Sound

		8.1.1

		84a

		-71.5560455

		41.1743660

		-71.5576172

		41.1701317



		Potter Cove

		RI

		PCR

		Narragansett Bay

		8.1.1

		59e

		-71.3390732

		41.6433525

		-71.3415451

		41.6418419



		Sakonnet Harbor

		RI

		SHR

		Narragansett Bay

		8.1.1

		59e

		-71.1939621

		41.4653549

		-71.1930695

		41.4652481



		Warwick Cove

		RI

		WCR

		Narragansett Bay

		8.1.1

		59e

		-71.3897705

		41.6920166

		-71.3860245

		41.6933632



		Wickford Harbor

		RI

		WHR

		Narragansett Bay

		8.1.1

		59e

		-71.4469452

		41.5777969

		-71.4583969

		41.5793686





 (
a
Legend
:  Level III marine ecoregions: Virginian Atlantic (8) - 8.1.1 Long Island Sound/Buzzards Bay, 8.1.4 New York Bight. Acadian Atlantic (7):
7.2.5
 
Gulf
 of 
Maine
/
Bay of Fundy
. Level IV terrestrial ecoregions: Northeastern Coastal Zone (59) -59a = 
Connecticut
 
Valley
, 59c Southern New England Coastal Plains and Hills, 59d 
Boston
 basin, 59e Narragansett/Bristol Lowland. Atlantic Coastal 
Pine Barrens
 (84) - 84a Cape Cod/Long Island. 
Ref: 
Griffith, G.E., Omernik, J.M., Pierson, S.M., 1999. 
Level III and IV Ecoregions of Massachusetts, Rhode Island, and Connecticut.
 U.S. Environmental Protection Agency, ManTech Environmental Technology, Inc., Corvallis, OR 97333
.  
Coordinates are geographic, NAD83, decimal degrees.
 
)





















6





		Table S2.  NLM estimated loading rates to watershed-estuary systems



		[bookmark: RANGE!A1:G76]

		

		

		Nitrogen Loading Rates



		Estuary

		State

		ID

		kgN yr-1

		gN m-3 estuarine vol yr-1

		kgN ha-1 estuarine area yr-1

		kgN ha-1 watershed area yr-1



		Black Rock Harbor

		CT

		BRC

		365,403

		140.9

		3,312

		739.7



		Branford Harbor

		CT

		BHC

		40,246

		27.8

		286

		5.6



		Greenwich Cove

		CT

		GCC

		78,654

		23.9

		364

		81.0



		Hammonasset River/Clinton Harbor

		CT

		HRC

		49,706

		30.8

		185

		3.2



		Jordan Cove

		CT

		JCC

		16,483

		2.7

		82

		6.4



		Mumford Cove

		CT

		MCC

		8,761

		1.9

		45

		9.0



		Mystic Harbor

		CT

		MHC

		37,515

		5.2

		89

		4.8



		Niantic Bay

		CT

		NBC

		53,274

		1.1

		46

		6.8



		Palmer Cove

		CT

		PCC

		7,829

		3.8

		53

		7.3



		Pattagansett River

		CT

		PAC

		11,136

		67.0

		164

		4.3



		Pawcatuck River Estuary

		CT

		PRC

		322,825

		27.1

		1,221

		4.1



		Stonington Harbor

		CT

		SHC

		10,541

		3.1

		66

		7.7



		Acushnet River

		MA

		ACM

		72,013

		5.3

		177

		10.4



		Aucoot Cove

		MA

		AOM

		9,795

		2.8

		75

		9.2



		Buttermilk Bay

		MA

		BTM

		25,440

		12.7

		118

		5.9



		Clarks Cove

		MA

		CCM

		29,547

		2.8

		106

		41.7



		Cuttyhunk Pond

		MA

		CPM

		1,057

		1.7

		27

		21.1



		Falmouth Inner Harbor

		MA

		FHM

		4,128

		13.7

		330

		26.0



		Great Harbor

		MA

		GHM

		2,226

		0.5

		32

		31.7



		Hadley Inner Harbor

		MA

		HHM

		262

		1.4

		32

		13.1



		Hamblin Pond

		MA

		HPM

		5,528

		14.2

		100

		8.1



		Jehu Pond

		MA

		JPM

		3,023

		3.7

		52

		8.5



		Katama Bay

		MA

		KBM

		18,286

		1.7

		31

		19.1



		Lagoon Pond

		MA

		LPM

		11,001

		1.4

		52

		8.7



		Lake Tashmoo

		MA

		LMM

		5,404

		3.7

		50

		6.2



		Lewis Bay

		MA

		LBM

		35,826

		5.5

		75

		15.2



		Little Bay

		MA

		LTM

		7,249

		10.2

		83

		7.0



		Little Harbor

		MA

		LHM

		435

		1.0

		28

		18.7



		Madaket Harbor

		MA

		MDM

		8,393

		2.9

		34

		8.7



		Manchester Bay

		MA

		MBM

		10,412

		10.1

		136

		6.5



		Marblehead Harbor

		MA

		MRM

		7,653

		1.0

		52

		42.6



		Mattapoisett Harbor

		MA

		MHM

		29,584

		3.6

		105

		4.0



		Megansett Harbor

		MA

		MGM

		12,916

		2.8

		57

		7.0



		Menemsha Pond

		MA

		MPM

		8,457

		1.8

		26

		13.3



		Nantucket Harbor

		MA

		NHM

		56,672

		1.3

		29

		19.3



		Onset Bay

		MA

		OBM

		17,448

		4.5

		67

		14.8



		Phinneys Harbor

		MA

		PHM

		10,106

		2.1

		54

		13.8



		Pocasset/Red Brook Harbor

		MA

		POM

		17,701

		1.0

		31

		22.9



		Quissett Harbor

		MA

		QHM

		1,678

		1.4

		38

		11.8



		Sage Lot Pond

		MA

		SLM

		2,014

		14.3

		141

		8.2



		Salem Harbor

		MA

		SAM

		35,760

		3.6

		93

		21.7



		Sippican Harbor

		MA

		SHM

		20,075

		0.9

		28

		20.6



		Stage Harbor

		MA

		STM

		12,049

		4.5

		48

		11.4



		Tarpaulin Cove

		MA

		TCM

		1,853

		0.5

		24

		9.9



		Timms Pond

		MA

		TPM

		136

		2.1

		27

		6.4



		Vineyard Haven-Inner

		MA

		VHM

		1,164

		1.7

		63

		13.8



		West Falmouth Harbor

		MA

		WFM

		4,427

		6.4

		55

		6.7



		Westport River-East

		MA

		WEM

		84,283

		13.4

		104

		5.4



		Westport River-West

		MA

		WWM

		26,843

		11.7

		80

		6.4



		Weweantic River

		MA

		WRM

		73,394

		38.1

		382

		3.1



		Wild Harbor

		MA

		WHM

		3,077

		3.9

		73

		11.3



		Wings Cove

		MA

		WCM

		3,042

		2.0

		36

		8.7



		Allen Harbor

		RI

		AHR

		4,250

		4.7

		135

		9.2



		Apponaug Cove

		RI

		ACR

		39,619

		74.3

		928

		22.8



		Bonnet Shores

		RI

		BSR

		7,388

		2.4

		107

		19.9



		Bristol Harbor

		RI

		BHR

		102,932

		12.2

		499

		155.2



		Coggeshall Point Harbor

		RI

		CSR

		188

		1.0

		36

		8.9



		Easton Bay

		RI

		EBR

		42,350

		5.2

		211

		27.2



		Fort Wetherill Cove - West

		RI

		FWR

		43

		0.3

		24

		14.7



		Fort Wetherill Cove-Unnamed

		RI

		FUR

		129

		0.7

		53

		6.2



		Goose Neck Cove

		RI

		GNR

		928

		4.8

		58

		5.5



		Great Salt Pond

		RI

		GPR

		9,194

		1.0

		36

		10.4



		Greenwich Bay

		RI

		GBR

		137,335

		4.6

		114

		25.0



		Greenwich Cove-RI

		RI

		GCR

		24,175

		17.8

		322

		13.8



		Kickamuit River

		RI

		KRR

		28,482

		6.5

		127

		14.2



		Mackerel Cove

		RI

		MCR

		2,482

		0.5

		29

		17.5



		Navy Beach

		RI

		NVR

		1,887

		1.5

		37

		16.3



		Newport Harbor

		RI

		NHR

		15,372

		1.5

		78

		38.3



		Ninigret Pond

		RI

		NPR

		51,831

		6.3

		64

		14.0



		Old Harbor

		RI

		OHR

		448

		2.5

		55

		16.5



		Potter Cove

		RI

		PCR

		1,005

		1.2

		25

		11.7



		Sakonnet Harbor

		RI

		SHR

		345

		1.7

		35

		40.6



		Warwick Cove

		RI

		WCR

		11,614

		14.1

		206

		29.0



		Wickford Harbor

		RI

		WHR

		13,678

		8.4

		82

		12.4













		Table S3.  Land use metadata



		State

		Description

		Resolution

		Source



		CT

		Landsat thematic mapper (TM) data acquired by the Multi - resolution Land Characterization Consortium. The base dataset was leaves - off Landsat TM data, nominal - 1992 acquisitions.

		30 m 

		MRLC:  http://www.mrlc.gov/



		RI

		Interpreted from 1988 aerial photography and updated with 1992 - 1995 digital orthophotos

		1:24,000

		RIGIS:  http://www.edc.uri.edu/rigis/



		MA

		Interpreted from aerial photography from 1999

		1:25,000

		MassGIS:  http://www.mass.gov/mgis/
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(Moore et al., 2004). Another approach, called “the Simple Method”
(www.stormwatercenter.net), is aimed at estimating pollutants
from stormwater runoff and requires, among other things, data on
nitrogen concentrations in stormwater from differing land uses.
Nitrogen export coefficients have been published for watersheds
surrounding estuaries (Reckhow et al., 1980; Frink, 1991); however,
the coefficients exhibit extreme spatial variability. Finally, the
ArcView based Generalized Watershed Loading Functions is
a combined distributed/lumped parameter watershed model that
provides continuous simulation with daily time steps for weather
and mass balance (Farley and Rangarajan, 2006; Georgas et al.,
2009). It requires a considerable amount of site-specific data on
weather, hydrology, soil erosion, and surface nitrogen concentra-
tion from streams.

The purpose of this paper is to illustrate the application of
a previously published and verified nitrogen loading model (NLM)
to 74 watershed-estuary systems and to assess whether there were
differences in nitrogen loading and relative source strengths for
two US ecoregions, namely the Northeast Coastal Zone (NCZ) and
the Atlantic Coast Pine Barrens (APB) in southern New England and
among the three New England States: Connecticut (CT), Rhode
Island (RI) and Massachusetts (MA). The specific watershed-estuary
systems were chosen as part of a study to determine the nature of
eutrophication responses along a gradient in nitrogen inputs. Thus,
by comparing ecological responses for a large number of estuaries,
which have many physical attributes in common, but vary
according to the magnitude of nitrogen inputs, one can test the
hypothesis that the environmental pressure exerted by nitrogen
loading is associated with the ecological state and impacts in the
estuaries. In addition, depending upon the nature of the associa-
tions, nitrogen thresholds may be observable. This later proposition
gets at the ultimate purpose of such research, that is, to determine
how much nitrogen is too much for the types of estuaries studied.

The results can be used to evaluate relative nitrogen loading
rates as well as source apportionment for specific estuaries in the
context of water quality assessment data. Supplementary material,
which contains the nitrogen loading data, is available for each of
the estuaries. It should be noted that the results of the model are
subject to revision as new data on sources (e.g., atmospheric
deposition, fertilizer application rates, and sewage inputs), trans-
port (e.g., transport through soils, septic systems, and leach fields)
as well as land use become available; however, the results repre-
sent a reliable estimate of first-order nitrogen loading rates.

We therefore used the NLM to first estimate nitrogen loads to the
74 watershed-estuary systems. Second, we compared the NLM based
estimate to those of other models. Third, we used the NLM to parti-
tion the total load to the 74 estuaries into the relative contributions
by the major source categories (direct and indirect atmospheric
deposition, wastewater discharge, and fertilizer use) to define their
relative contributions in the region and link them to land use.

2. Methods
2.1. Area of study

The watershed-estuary systems are located along the coast of
southern New England (USA) and span the shorelines of Con-
necticut (CT), Rhode Island (RI), and Massachusetts (MA) (Fig. 1).
The region’s defining anthropogenic characteristic is that it is sit-
uated in the major urban corridor from New York City to Boston.
Therefore, a significant human population lives and works near the
shore. The watersheds are relatively small (mean area = 32 km?)
and the land use types range from 100% natural to 89% residential.
The estuaries themselves are small (mean area = 2.3 km?) and
shallow (mean depth = 4.5 m).

2.1.1. Aquatic regime

The study systems are within the Virginian Atlantic marine
ecoregion (Wilkinson et al., 2007). This marine ecoregion is char-
acterized by sea-surface temperatures of 2—20 °C (winter) and
15—27 °C (summer), and by currents isolated from the deep waters
of the North Atlantic Ocean by the Gulf Stream. This area is further
characterized by a wide continental shelf, rocky coastal zones to the
north, and salt marshes and sandy beaches to the south.

2.1.2. Terrestrial regime

The southern New England estuarine watersheds lie within the
Northeastern Coastal Zone and the Atlantic Coastal Pine Barrens
terrestrial ecoregions (EPA, 2006). The Northeast Coastal Zone
(NCZ) is characterized by relatively nutrient poor soils and glacially
formed lakes. The Atlantic Coast Pine Barrens (APB) is comprised of
coarse-grained soils, cool climate, and Northeastern oak-pine. Its
climate is milder than the Northeastern Coastal ecoregion to the
north (see Supplemental material for data on ecoregions).

In this study we evaluate whether differences in land use/land
cover of the Northeast Coastal Zone and the Atlantic Coast Pine
Barrens result in geographically distinct nitrogen loading regimes.
In addition, because of the degree of land use differs among the
three New England States (CT, RI, MA), we also partitioned the data
to evaluate whether nitrogen loading from watersheds also differed
among these political divisions.

2.2. Components of the model

Nitrogen loading rate values calculated for the study estuaries
are based on the application of a published nitrogen loading model
(NLM) (Valiela et al., 1997). The NLM provides nitrogen loading
rates to watersheds and receiving waters. It considers diffuse,
nonpoint source inputs and includes estimates of losses in various
compartments of the watershed. The model was developed for
Wagquoit Bay, Massachusetts, USA, and is considered most appli-
cable to rural-to-suburban watersheds underlain by unconsoli-
dated sandy soils (Valiela et al., 1997).

The original NLM was verified with measured loading and
isotope data from several sub-estuaries of Waquoit Bay, MA, USA
(Valiela et al., 2000) and further verified with measured loading
data from Barnegat Bay, NJ, USA (Bowen et al, 2007a,b). The
formulation and use of NLM is available online at http://nload.mbl.
edu/. NLM included three major nitrogen inputs to watersheds: 1)
Atmospheric deposition to four land use types (natural vegetation,
turf, agricultural land, and impervious surfaces); 2) Fertilizer
application to two land use types (turf and agricultural land); and
3) Human wastewater nitrogen. In the algorithm the nitrogen is
attenuated as it passes through the watershed surface and
subsurface zones; this attenuation is dependent upon whether the
sources fall on natural vegetation, turf, agricultural, or impervious
surfaces within the watershed of each study estuary. The final, or
net, input of nitrogen to the estuary is thus the sum of the inputs
from sources minus losses in the various land use types in the
watershed.

We augmented the NLM with two additional input terms: direct
atmospheric deposition to the estuary surface and, in a small
number of cases, direct point source inputs from wastewater
treatment facilities that discharge directly into the estuary. Any
comparisons in this paper with the results from other loading
models and literature values were done to compensate for these
terms.

It is worth noting that another model, the Estuarine Loading
Model (ELM), has been formulated to estimate the mean annual
dissolved inorganic nitrogen (DIN) concentration in the estuary
itself (Valiela et al., 2004). The ELM takes the output of the original
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Fig. 1. Map of locations of study estuaries and their associated watersheds (see Supplemental material for estuarine ID and additional data).

NLM and includes various additional input and loss terms,
including direct atmospheric deposition. The ELM produces esti-
mates of DIN, whereas the NLM produces estimates of total dis-
solved nitrogen (TDN, which include dissolved organic nitrogen);
therefore the reader should be careful to make the appropriate
transformations to compare NLM (TDN) and ELM (DIN) estimates.

2.2.1. Land use data

Land use data were used for a variety of calculated variables in
the application of the NLM. The sources of each of these land use
data sets are described in Supplemental material. Ideally, the land
use data for all sites, across the three States, would be derived from
one data set for comparison purposes; but for the sake of accuracy,
the more detailed and current State-developed land use data layers
were available only for RI and MA. CT land use data are less specific
than those for RI and MA.

In summary, the application of the NLM required delineation of
the boundaries of the study estuary, delineation of the watershed
for each estuary, acquisition of land use data for each watershed,
and aggregation of land use data into the land use types needed for
NLM calculations (natural vegetation, recreation, agriculture,
commercial, and residential). These steps required use of ArcGIS
9.3® to perform spatial analysis. Results of these examinations were
imported into MS Excel® files for additional analyses.

2.2.2. Input terms

Table 1 contains the input categories and parameter magnitudes
for the NLM. In addition, the algebraic expressions used to calculate
the nitrogen inputs to the watersheds are listed.

2.2.2.1. Atmospheric  deposition. Atmospheric  deposition of
nitrogen to estuaries was divided into direct deposition to the
water surface and deposition onto the watershed of the estuary
(indirect). Both wet and dry deposition were considered. As noted
earlier, the original NLM (Valiela et al., 1997) did not include direct
atmospheric deposition; which was included here to more fully
estimate the total dissolved nitrogen input to the estuary. Data
were used from a recent publication that reported nitrogen levels
for both wet and dry deposition in coastal Connecticut (Luo et al.,
2002). The sample locations for that study spanned the entire
coast of CT along Long Island Sound and were in the same general
region of many of the study estuaries. In the Luo et al., study,
samples were analyzed for nitrate/nitrite, ammonium, and dis-
solved organic nitrogen to estimate total air and precipitation
derived total nitrogen. To compute atmospheric deposition rates,
annual precipitation data for the region (source: http://climvis.
ncdc.noaa.gov, average for CT, RI, and MA 1990—-2000) were
coupled with the published atmospheric nitrogen concentrations.
Luo calculated total nitrogen deposition fluxes that ranged from 9
to 23 kg ha~! yr~! which is similar to that published from a meta-
analysis by Bowen for the decade of the 1990s of
12.5 kg N ha~! yr—! (Bowen and Valiela, 2001).

2.2.2.2. Fertilizer inputs. Published values were used for fertilizer
application rates to lawns, active agriculture, and golf courses as
well as lawn areas, number of homes, and fraction of homes that
use fertilizer (Table 1 and references therein). Fertilizer application
rates were 104, 136, and 115 kg N ha—! yr—!, respectively, for lawns,
agriculture lands and recreational (e.g., golf courses) land uses.
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Table 1
Model equations and input parameter magnitudes.

Input Category Included Land Use
Types

Nitrogen Load Calculation

Atmospheric Deposition

Natural Forest, wetlands, atmos. dep.*® x Area
Vegetation  natural lands

Turf Lawns, golf courses  atmos. dep. x Area
Agricultural ~ Crop land atmos. dep. x Area
Land

Impervious  Roofs, driveways atmos. dep. x Area
surfaces®

Impervious  Roads, runways, atmos. dep. x Area
surfaces? parking lots

Fertilizer Application

Turf Lawns, golf courses  appl. rate® x Area x Fn
Agricultural  Crop land appl. rate x Area
Land

Human Residential land Human excretion rate x persons per
Wastewater home x # homes
[Rainfall nitrate] 270 pg NL!
[Rainfall ammonium] 920 g NL!
[Rainfall dissolved organic N] 180 yg N L!
[TDN] 1370 pg N L1
Ave annual rainfall 48.6 in
Wet to total deposition factor 1.25
Median home size 1915 sq ft
No of stories/home 2
House footprint area 958 sq ft
Average area of roof 1072 sq ft
Average area of driveway 1350 sq ft

104 kg N ha~!
136 kg N ha™!

Fertilizer N applied to lawns
Fertilizer N applied to agriculture

Fertilizer N applied to rec/golf courses 115 kg N ha™!
Average lawn area 0.05 ha

% of homes that use fertilizer 34%

Per capita human N excretion rate 48kgNp 'yr!
People per house 24

# of houses in high density residential areas 8

# of houses in medium-high density residential areas 6

# of houses in medium density residential areas 133

# of houses in medium-low density residential areas 0.667

# of houses in low density residential areas 0.5

References/Notes: Valiela et al., 1997 and Luo et al., 2002.

¢ Uses concentration of NO3— NH4+ & DON in local precipitation & yearly rainfall
totals to generate atmospheric deposition.

® Model includes dry deposition, which is adjustable as a proportion of wet
deposition.

¢ Assumes precipitation falling on roofs/driveways subsequently runs off to
lawns/natural lands where losses may occur.

d Assumes precipitation falling on roads/runways/parking lots is collected in
catchment basins & delivered directly to vadose zone.

€ Uses avg. fertilizer addition rates; Fy refers to fraction of homeowners applying
fertilizer.

2.2.2.3. Wastewater inputs. Wastewater sources of nitrogen were
estimated using information about houses in the watershed,
persons per house, and per capita nitrogen excretion rates. The
number of houses located on the watershed of each estuary was
inferred from the area of residential land use as well as data on the
house density per area land use (Table 1). For most of the 74
watershed-estuary systems there was no direct input from waste-
water treatment facilities. In those few estuaries with direct point
source discharge, nitrogen monitoring data were obtained from the
wastewater facilities.

2.2.3. Loss terms

Published transport/retention coefficients were applied to each
type of land use category (Fig. 2). The nitrogen that comes from the
three sources deposited on the watershed was lost, or attenuated,
according to processes parameterized by the coefficients in the

figure (Valiela et al., 1997). Except for nitrogen deposited on
impervious surfaces (100% transported), from 62 to 65% of the
indirect atmospherically deposited nitrogen was retained within
the watershed (Fig. 2). In contrast, fertilizer nitrogen applied to turf
and agricultural land was largely transported to the subsurface (i.e.,
only 39% lost at the surface).

Human wastewater nitrogen is derived from individual sewage
disposal systems (ISDSs) or via sewering through wastewater
treatment facilities (WWTFs). Nitrogen from ISDS sources was
partially retained in septic tanks and leach fields (40%) as well as
septic plumes (34%) through the watershed on its way to the
estuary.

WWTFs receive untreated sewage and apply treatment tech-
nologies that reduce effluent nitrogen. For those estuaries that have
direct discharge, the WWTF nitrogen loading value was calculated
from monitoring data from each treatment facility. The computa-
tion of total nitrogen from each WWTF was straightforward and
therefore the estimate was considered an accurate measure of point
source inputs to the affected estuaries. In contrast, the proportion of
total population, in a specific watershed, served by the WWTF was
not readily available. Due to the lack of sewer-line data at the plat-
scale within each watershed, it was not possible to ascertain the
relative proportion of point and nonpoint inputs for the eleven (11)
affected watersheds. For these estuaries, human waste-derived
nitrogen loading was calculated independently, either by assuming
that (1) 100% of human waste was watershed-derived (nonpoint
source) or by assuming that (2) 100% was derived from WWTFs. The
larger of the two values was chosen. This avoided double
accounting for human waste-derived nitrogen. Future refinement is
needed to evaluate methods of better accounting for the relative
proportion of point and nonpoint nitrogen from human waste.

Once nitrogen passes the watershed surface it enters the vadose
and aquifer zones. In the vadose zone 61% of the nitrogen was lost
and an additional 35% was lost in the aquifer zone (Fig. 2). Evidence
suggests that aquifer losses (at least in the upper layers) are likely
due to denitrification (cf. Fig. 3 in Bowen et al., 2007a,b).

In summary, overall nitrogen loss/transport varies by the sour-
ces of nitrogen through the watershed and into the marine estuary.
For example, for every 100 units of nitrogen that came from indirect
atmospheric deposition and passed through natural vegetation,
only 9 units reached the marine environment, a loss of 91%. In
contrast, atmospheric nitrogen that passed through impervious
commercial land uses to the subsurface was only reduced by 75%.
Additionally, overall, about 74% of the nitrogen derived from human
waste was removed between the ISDS and below-ground processes
in the watershed.

2.3. Model assumptions

The data required to use the NLM to compute nitrogen inputs
from the watersheds to the study estuaries is summarized in Table
1. It should be noted that because estimates of loading were based
on infrequent land use assessments (from 1992, 1995, and 1999) the
estimated loading values were considered representative of the
long-term average for the 1990s.

As originally formulated, the NLM algorithm computes nitrogen
loads to the water body edge. It does not include any of the other
processes that add, remove, and transform nitrogen within estu-
aries. The reader is directed to the ELM, a complimentary model to
the NLM, for consideration of these processes (Valiela et al., 2004).
We added direct atmospheric deposition as well as, in a small
number of cases, point source inputs that discharge directly into the
estuary.

One input not included in the nitrogen loading estimates is from
the open end of the estuary derived from the larger ocean system
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Fig. 2. Schematic of the nitrogen loading model (NLM, with direct atmospheric deposition and point source components added in stippled boxes).

(Nixon et al., 1995). For estuaries that are nested within larger
estuaries that have a strong nitrogen signal (e.g., Providence River,
Oviatt, 2008), the ecological effects may be ascribed to both local
watershed inputs as well inputs from the larger estuarine systems.
The NLM is formulated to estimate nitrogen only from the local
estuarine watershed to the small estuary; the only nitrogen loading
source not from the watershed is atmospheric deposition directly
onto the water surface.

Internal nitrogen regeneration from sediments and the water
column is not considered in this paper; however, it is taken into
account by the ELM. The sediment has been ascribed by others to be
a net sink, except during summer periods where it may be a net
source (Howes et al., 2003); in either case it is not “new” nitrogen;
therefore, it was not included.

In summary, we provide an estimate of loading rates from major
anthropogenically-derived watershed sources as well as direct
atmospheric deposition. Watershed sources are likely the most
appropriate for environmental management of estuarine water
quality conditions, simply because these sources are most
amenable to watershed-scale remedial action.

Each of the components required to estimate nitrogen loading to
the estuaries is subject to uncertainty. Using a bootstrap resampling
method for evaluating uncertainty in the components that make up
the estimate, Collins et al., 2000, calculated a +13% uncertainty in
the loading estimates derived from the NLM. This assessment of
uncertainty should be considered when the NLM is applied in the
formulation of subsequent pressure-state models.

The NLM has been verified for embayments of Waquoit Bay, MA,
USA (Valiela et al., 2000, 2002). There were two lines of evidence
used to verify the model in Waquoit Bay: a comparison with total
measured loads and a comparison of predicted wastewater inputs
with nitrate 3"°N in groundwater samples. The relationship
between measured and predicted nitrogen loads described nearly
80% of the variance in the data and was not significantly different

from the 1:1 line. Moreover, there was a strong positive relation-
ship between the model predicted fraction of wastewater input and
the isotopic composition of groundwater, which converged on the
published nitrogen isotopic composition with 100% wastewater
inputs. Another study compared NLM + direct atmospheric depo-
sition to Barnegat Bay, NJ, USA with measured nitrogen loading
rates (Bowen et al., 2007a,b). The modeled estimate was within 10%
of the measured estimates. It is worth noting that Barnegat Bay is in
a completely different geographic region from where the NLM was
formulated. These separate studies provide compelling evidence of
the veracity of the NLM.

3. Results and discussion

3.1. Comparison with other nitrogen estimation approaches and
estimates

To provide evidence that supports its application to estuaries
beyond where it was verified, the NLM estimates from this study
were compared (1) to those of another published nitrogen esti-
mation approach and (2) to those estuaries that have published
nitrogen loading rate data.

Nitrogen loading rates calculated using the NLM were compared
to loading rates calculated from the USGS New England-SPARROW
(NE-SPARROW) model (Moore etal.,2004; Fig. 3A). SPARROW loading
estimates were derived by summing the model output for the stream
nodes associated with each estuary and adding direct atmospheric
deposition and point source inputs, where applicable. Uncertainly
analysis of the NLM, applied to the loading estimates (Collins et al.,
2000), as well as an uncertainty of +40% for the nitrogen loading
estimates of the NE-SPARROW model (R. Moore USGS, personal
communication) are depicted using error bars in Fig. 3.

The estimated nitrogen loading rates for 35 estuaries, common
to both the NLM and NE-SPARROW, were relatively similar (Fig. 3A).
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Fig. 3. Regressions showing (A) comparison of NLM and NE-SPARROW nitrogen
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rates from this study to other published values (log—log format). The thin diagonal line
on both figures represents the 1:1 line. Data sources for (B): Pawcatuck River Estuary,
CT (Vaudrey, 2008), Greenwich Bay, RI (Granger et al., 2000), Acushnet River, MA
(SMAST 2007), Phinneys Harbor, MA (Howes et al., 2006a), Hamblin Pond, MA (Howes
et al., 2005), Jehu Pond (Howes et al., 2005), Lagoon Pond, MA (MVC 2000), Sage Lot
Pond, MS (Howes et al., 2005), West Falmouth Harbor, MA (Howes et al., 2006b).

The results in this comparison are striking given that the SPARROW
approach is very different from the NLM. The SPARROW approach
links measured stream transport rates to spatially referenced
descriptors of nitrogen sources, land-surface and stream-channel
characteristics and the model has been verified by a comparison of
measured and observed loading values yielding a relationship that
explained 95% of the variance in the data (Moore et al., 2004). In
contrast, the NLM doesn’t use stream data or explicit spatial
referencing but rather integrates all the sources in the watershed.
Summarizing, the two approaches yield comparable results and
suggest that the NLM provides a reasonably accurate first-order
estimate of nitrogen loading rates from small watersheds to their
associated estuaries.

A comparison of NLM estimates from this study to other pub-
lished estimates for ten estuaries in New England shows compa-
rable results (Fig. 3B). Most of the published estimates are based on
watershed loading algorithms similar to the NLM. For example,
estimates published by Howes et al. (see citations in the figure title)
utilize the following process: (a) quantify sources to the land or
aquifer, (b) confirm that groundwater transport load has reached
the estuary, and (c¢) quantify nitrogen attenuation that can occur

during travel through lakes, ponds, streams and marshes. While
strictly not a validation, the relatively close estimates provide
additional confidence in NLM estimates.

Based on these analyses as well as the published record, we have
confidence that the NLM is an appropriate model for the estimation
of total dissolved nitrogen loading rates from small watersheds to
estuaries in southern New England. Next we use NLM to estimate
total, wastewater, fertilizer, and atmospheric loads to the estuaries
in the southern New England region.

3.2. Nitrogen loading rates to southern New England estuaries by
source

In addition to its utility in providing total nitrogen loading rates
estimates, a useful feature of NLM is that it can identify relative
contributions by different sources of nitrogen (e.g., atmosphere,
fertilizer, and human waste) (Valiela and Bowen, 2002).

3.2.1. Regional spatial patterns

We looked across the entire southern New England geographic
area to determine spatial patterns in the total loading and the
relative source proportions of nitrogen to the study estuaries. We
utilized frequency distributions to evaluate the spatial trends by
terrestrial ecoregion and by State (CT, RI, and MA).

The relative magnitudes of total nitrogen loading to the estu-
aries differed considerably depending upon how the region was
partitioned (Fig. 4, Col. 1). No estuaries in the Atlantic Coast Pine
Barrens (APB) had loading rates >500 kg N ha~!; moreover, the
largest number of estuaries in this ecoregion had rates less than
50 kg N ha~! (Fig. 4, Col. 1, Row B). This ecoregion contained the
estuaries of outer Buzzards Bay, Cape Cod, and the islands which
are downstream of the least developed watersheds. The Northeast
Coast Zone (NCZ) contained the largest number of estuaries with
loading rates in the high range (99—500 kg N ha~! yr~'). One big
difference between the two ecoregions is the number of houses on
the watersheds. The average house density in the Northeast Coastal
Zone was 53% higher than in the Atlantic Coast Pine Barrens. A
comparison of the relationship between the number of houses on
each watershed (a surrogate for population) and total loads to the
estuary reveals that the two ecoregions had the same ratio, but that
the NCZ simply had more houses.

Breaking down the distributions by State (Fig. 4, Col. 1, Rows C,
D, and E) revealed that generally the estuaries of Rl and MA were
dominated by loading rates < 500 kg N ha~! yr~!, with only CT
having a number of estuaries with annual loadings greater than
500. MA largest categories of estuaries were those with annual
loadings of <99 and contained no estuaries in the >500 kg N ha™!
category. The slope of the relationship between number of houses
on the watershed and loading to the estuaries was greatest for CT
followed by MA and then R, indicating that additional houses on CT
watersheds will have a greater nitrogen loading impact than
additional houses on the watersheds of the other two States.

Across the study region, the majority of estuaries had less than
50% of their total nitrogen inputs from direct atmospheric deposi-
tion (Fig. 4, Col. 2). Moreover, all of the estuaries in CT fell into this
category (Row C). However, more estuaries in the APB, and
specifically in RI and MA, had a larger proportion of nitrogen input
from this source (Fig. 4, Col. 2, Rows B, D, and E). The magnitude of
direct atmospheric deposition was a function of regional deposition
rates as well as estuary areas.

Indirect atmospheric deposition, which was a function of water-
shed size and loss processes as well as atmospheric deposition rates,
generally comprised <25% of the total nitrogen inputs to the study
estuaries (Fig. 4, Col. 3, all rows). Slightly greater numbers of estuaries
in CT were in the 25—50% and 51—75% proportion categories (Fig. 4,
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Fig. 4. Graphs showing frequency distributions of the total nitrogen loading rates (Col. A) of the watershed-estuary systems for the southern New England region grouped by
terrestrial ecoregion: Northeast Coastal Zone (NCZ) and Atlantic Coast Pine Barrens (APB), (Rows A and B, respectively), or by State (Rows C, D, and E). Col. 2—5 show the frequency
distributions of the percent of the watershed-estuary systems in each of the source categories (i.e., direct atmospheric deposition, indirect atmospheric deposition, wastewater and

fertilizer, respectively) grouped similarly.

Col. 3, Row C). Natural vegetation in the watersheds (i.e., forests)
receive both wet and dry atmospheric nitrogen deposition which will
then be attenuated at the surface and subsurface of the watershed by
fixation, burial, and denitrification and only a small fraction will enter
the estuary. Not surprising, the relationship between the area of
forests and the total nitrogen loading to the estuaries was essentially
the same between the two ecoregions and for MA and CT. R, however,
had a stronger relationship, likely because its estuaries had the
smallest watershed areas so actual attenuation might be less that
what was applied in the NLM.

One can conclude that the region exhibited spatial heteroge-
neity in the relative magnitude of wastewater derived nitrogen
(Fig. 4, Col. 4). There was a clear difference in the dominance of
wastewater between the two ecoregions (Fig. 4, Col. 4, Rows A and
B). The magnitude of wastewater nitrogen inputs to an estuary in
NLM was a function of population density (i.e., house density), as
well as watershed loss processes. It is no surprise, given the house
densities, that NCZ had a greater number of estuaries with >50%
wastewater inputs (Fig. 4, Col. 4, Row A). Looking more closely, it
was apparent that RI (which are mostly within the NCZ) had a large
number of estuaries dominated by wastewater inputs (i.e., >50%,
Fig. 4, Col. 4, Row D). This is consistent with the fact that RI had the

highest house density of all three States (mean = 263 houses km 2
watershed area).

The magnitude of fertilizer derived nitrogen inputs was a func-
tion of the area of agriculture land uses, fertilizer application rates,
as well as watershed loss processes. Throughout the entire study
region, agriculture land use area was a relatively minor component
of the total watershed, with the majority of estuaries exhibiting less
than 25% of the total nitrogen from this source (Fig. 4, Col. 5). CT
was the one exception where there were a larger number of estu-
aries that had between 25 and 50% of their total nitrogen from
fertilizer inputs (Fig. 4, Col. 5, Row C).

In summary, there were regional differences in total inputs as
well as the relative source terms over the study region. These
differences were a function of the human activities on the water-
sheds (land use) as well as the processes that attenuate nitrogen en
route to the estuary. It appears that estuaries in CT were more
susceptible to additional watershed development than estuaries in
MA and RI; although all estuaries in the region are affected by
wastewater from watershed development. This information has
management implications for source reduction (Bowen and Valiela,
2004) as well as best management practices in the watersheds for
the attenuation of nitrogen.
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3.2.2. Relative source magnitudes

Knowledge of the relative magnitude of nitrogen sources is
useful to evaluate potential management actions that may be
required to meet nitrogen reduction goals for each watershed-
estuary system. Spider plots depict the relative importance of the
four components of nitrogen inputs to each of the estuaries (Fig. 5).

Those watershed-estuary systems that have dominance in the
“N” and “E” points of the spider plots are not amenable to local
nitrogen source reductions because these systems are dominated

by direct or indirect atmospheric deposition. Since atmospheric
nitrogen source control is considered a regional scale issue, local
communities cannot significantly reduce this source. For example,
plans for lowering nitrogen inputs to Long Island Sound included
an 18% reduction in atmospheric nitrogen deposition through the
application of national air-quality standards in their reduction
scenarios, because no local controls are feasible owing to the
large airshed of the atmospheric contribution (NYSDEC and
CTDEP, 2000).
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Those systems that have a large signal in the “S” and “W” points
of the spider plots are more amenable to local reductions since
these are dominated by human wastewater and fertilizer nitrogen
inputs. In these cases, limits on point source effluent as well as
nonpoint source management practices within the watersheds
would seem to best reduce nitrogen inputs to estuaries.

The results of these analyses were combined to obtain an
aggregate assessment of the four sources of nitrogen to the
watershed-estuary systems. The overall order of importance for the
entire region covered by the 74 watershed-estuary systems was:
wastewater = direct atmospheric deposition > indirect atmo-
spheric deposition > fertilizer inputs (Fig. 6).

The combination of direct and indirect (wet + dry) atmospheric
deposition is, on average, the largest input of nitrogen to the study
estuaries. The range in indirect (<1-52%, mean = 16%) and direct
(1-89%, mean = 37%) atmospheric deposition was similar to other
published values, although exact comparisons are not always
feasible. Paerl et al. (2001), reported a range in direct wet + dry
atmospheric deposition of <5—70% for estuaries around the US and
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Europe; indirect inputs were not reported. The range in direct
atmospheric deposition was a function of the regional deposition
rate and the area of the estuary itself. While indirect atmospheric
deposition is mediated by watershed processes such as fixation,
denitrification, and other loss terms, direct deposition has no such
mediation and as such can stimulate algal blooms directly. There-
fore, regional-scale emission reductions of both stationery and
fixed atmospheric emission sources would reduce their effects on
estuaries.

Finally, wastewater inputs spanned from zero to nearly 98% of
the total nitrogen (mean = 36%). This source clearly has significant
local management implications which may require reductions of
nitrogen from ISDS. Fertilizer inputs, in contrast, were generally low
(mean = 12%) and thus agricultural mitigation activities are not
expected to be a major management priority for this region.

In summary, the ability to evaluate the relative importance of
nitrogen sources illustrates that the NLM can be used to prioritize
watershed-based management scenarios as well as provide scien-
tific justification for regional reductions in atmospheric emissions.
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Fig. 6. Box-and-whisker plots showing the aggregated statistical distribution of the four nitrogen sources for the entire region’s study estuaries. These figures show the lowest and
highest values, the 10th, 25th 50th, 75th, as well as the mean (dotted line) for each of the sources for the entire set of study estuaries.
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3.3. Total nitrogen inputs to southern New England estuaries

The total loading to an estuary will be directly proportional to
watershed sources and inversely proportional to watershed
retention processes. The size of the estuary itself will mediate the
nitrogen load. All other factors being equal, the same load going
into a large estuary will have less of an effect than the same amount
going into a small estuary. When comparing loading between
estuaries one needs to consider these scaling factors. In this study
the maximum nitrogen loading rate to the study estuaries was
estimated to be 370,000 kg N yr~!(Table 2); those reported by
others ranged from 980,000 to 148 x 10° kg (Castro et al., 2003;
Whitall et al.,, 2007). Therefore, when none of these scaling
factors are considered, estimated loading rates to the southern New

Table 2
Summary of nitrogen loading rates for New England and other US estuaries.
kg N yr~! kg N ha kg N ha
~!estuarine ! watershed
area yr! area yr—!
Source This study
Minimum 43 24 3.1
10th percentile 592 28 5.6
25th percentile 3030 36 7.0
50th percentile 10,500 65 12
75th percentile 29,600 117 19
90th percentile 67,400 311 31
Maximum 365,000 3310 1552
Arithmetic mean 29,400 + 59,100 167 £+ 415 19 + 26
(24,800)? (124)* 17)?
Count 74 74 74
Source (Whitall et al., (Whitall (Castro
2007)° et al., 2007)° et al., 2003)
Casco Bay 983,506 23 53
Great Bay 1,663,490 354 6.8
Merrimack River 10,279,096 6424 9.5
Massachusetts Bay 15,476,565 202 49.0
Buzzards Bay 1,066,945 17 21.8
Narragansett Bay 8,444,631 203 27.2
Long Island Sound 39,856,585 122 129
Hudson R/Raritan Bay 76,222,208 954 24.0
Barnegat Bay 7.3
Delaware Bay 51,394,927 248 20.2
Chesapeake Bay 147,839,494 270 13.5
Pamlico Sound 45,372,756 1004 18.2
Wynah Bay 12.7
Charleston Harbor 13.5
St Helena Sound 5.7
St Catherines—Sapelo 23
Altamaha Sound 9.4
Indian River 29.1
Charlotte Harbor 181
Tampa Bay 269
Apalachee Bay 5.6
Apalachicola Bay 10.0
Mobile Bay 8.5
West Mis. Sound 9.1
Barataria Bay 83
Terrebonne—Timbalier 10.6
Bays
Calcasieu River 11.7
Sabine River 9.3
Galveston Bay 16.5
Matagorda Bay 4.0
Corpus Christi Bay 24
Upper Laguna Madre 1.0
Lower Laguna Madre 8.7
Arithmetic Mean + SD 36,200,000 + 44,600,000 893 + 1870 13.2 + 9.69

2 Black Rock Harbor (BRC) exceeded the highest reported US value. This was due
to the large WWTF discharge and a small watershed (means with BRC excluded are
in parentheses).

b Calculated.

¢ Corrected from references.

England study estuaries were all significantly lower than those
reported in the literature, leading to the erroneous expectation that
there will be only limited symptoms of eutrophication in the study
estuaries.

When estuarine areal differences are included, (by calculating
loading on an areal basis, Table 2) the nitrogen loading rates were
more similar (mean = 167 kg N ha~! estuarine area yr—'), yet still
lower than, other US estuaries (mean = 893). However, to
compensate for scale differences in watershed size, nitrogen yields
were calculated, i.e., nitrogen export from the watersheds (after
attenuation) normalized to watershed area (kg N ha~! watershed
area yr—!). When evaluated in this manner, the nitrogen yields for
the southern New England estuaries were similar to other US
estuarine watersheds (Table 2). For example, the loading rate to the
Chesapeake Bay has been reported to be 13.5 kg N ha~—! watershed
area yr—'; this is slightly lower than the value for southern New
England estuaries (mean = 17). In fact, when evaluated in this
manner, the average southern New England estuary had higher
nitrogen yields than Long Island Sound (12.9), Great Bay NH (6.8)
and Charleston Harbor SC (13.5), all of which exhibit symptoms of
eutrophication.

Considering the large variation in nitrogen loading for the 74
small watershed-estuary systems in this study (RSD from 140 to
250%, Table 2) it seems likely that upscaling loads to larger spatial
units might best be done by adding loads from separate watersheds
within regions rather than by using larger regional and continental
scale extrapolations such as Global NEWS (Mayorga et al., 2010).
The need to obtain separate estimates from component watersheds
is a burdensome requirement, so that examining the statistical
constraints on the corresponding upscaling approaches might be
a useful next step to develop the utility of the present study.

The results of the application of the NLM to the 74 watershed-
estuary systems provide an understanding of the magnitude of
nitrogen loading to estuaries in southern New England, but alone
are insufficient to determine how much nitrogen is too much. What
is lacking is the associated expression of the effects along the
gradient of nitrogen inputs. According to common understanding
of how nutrients affect estuaries, at levels below some critical
loading, nutrients provide benefits to the healthy structure and
function of estuaries. Estuaries are dynamic environments that can
assimilate nutrients depending upon their geomorphic and
hydrodynamic properties which affect the ability to dilute and flush
nutrient loads. Knowledge of estuarine susceptibility to nutrients
and the associated expressions of effects is important (NRC, 2000).
The NLM provides one essential component in the development of
quantitative empirical pressure-state relationships suitable to
determine how much nitrogen is too much. The other essential
components are data on effects or symptoms of eutrophication,
such as, for example, water clarity, chlorophyll-a magnitude as well
as indicators tied directly to designated uses, such as extent of
hypoxia and extent of ecologically important resources such as
seagrasses. On a national basis one needs to place the pressure-
state models into a classification schema that allows the grouping
of US estuaries according to important geomorphic and hydrody-
namic properties, so that class-specific pressure-state models may
be developed. In addition, because of the close coupling between
watershed and estuarine condition (Paul et al., 2002), watershed
characteristics including slope, land use, pollution sinks and size
will factor into pollution gradient assessment and experimental
design (Fu et al., 2005; Rodriguez et al., 2007).

The NLM provides a useful tool to evaluate watershed-scale
management practices. However, before watershed management
scenarios are ultimately explored, a water quality goal, for example
a critical load, quantifying how much nitrogen is too much, is
required.
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4. Conclusions

Watershed loading models such as the NLM are useful to esti-
mate nitrogen loading rates to multiple estuaries in comparative
studies. Due to a favorable assessment between the NLM and the
NE-SPARROW model, published calibration results, and comparable
published values for study estuaries, the NLM is capable of
providing a first-order, loading estimate for small-to-medium sized
estuaries in southern New England.

Results of this study indicate that estuaries of southern New
England may be exposed to nitrogen loading rates from <50 to
370,000 kg yr~! (<30 to 3300 kg ha~! yr!) with watershed yields
that range from <5 to 160 kg ha~! yr~!. The dominant sources of
nitrogen are: wastewater = directatmospheric deposition > indirect
atmospheric deposition > fertilizer. Across the region, the combined
inputs of direct and indirect atmospheric deposition rival that of
wastewater inputs. However, results varied dramatically for each
individual estuary, where other sources, such as wastewater inputs
can dominate.

NLM results show that the region’s estuaries have a large range
in nitrogen inputs, and as such are suitable for field-based studies
requiring a nitrogen gradient. Moreover, because of the large
number of study estuaries for which nitrogen loading has been
estimated, it is possible to select more than one watershed-estuary
system with similar nitrogen loading so that field-replication (at
least for loading) can be obtained. Obviously, other characteristics
are needed in addition to a large nitrogen gradient, including
comparability with, or gradients in, hypsography, substrate types,
and other physical-ecological variables of the estuary.

This paper illustrates the application of the previously published
and verified NLM to estimate and evaluate total dissolved nitrogen
loading rates as well as the relative source strengths for a large
number of estuaries in southern New England.
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